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‘When the potentiul differences 2t metal-electrolyte solution interfaces 1re
altered slightly from their equilibiium states, several cases can be seen acsord-
ing to tha amount of continuous current in the outer circuit. They -re
classilied in three: (1) no coatinuous current is detected, (2. a stationary
current flows which is determined by the oh nic resistance of the system and
(3 (whe1 the polarization back electromotive force is neglected) a smaller

continuous curraat flows thin is determined by Ohm's law. The former two

are called (1) ideal polarized clectrode ---whnich beh-.ves like an electrical
condarser without leakige ---nd (2) ideal non-pola-izablz electrode — --its

potentinl is independent on the amount of elece-icity which passes through
itP. The last one situates between these two. Thoagh we have studied <o
far on those which belongcd to the first category,” it is ~lso a matter of
ilﬁportzmce to clarify the phenomens at the second kind of clectrodes.

Here we usad three electrodes each having diffe-ent el:ctrical potenti~ls
This system (:orréspoﬁ.ds to a triode valve, but, the resistance of solution
bejﬁq vary small compared with the innoer resistince of the valve, it is con-
trolled by currcat ratner than by voltage and rose nbles to the semiconductor
triode. (e. g. Ge-fransiste-. )

This system difie s from the on: in which two of the three clectrodes
are in the same potentiz‘i,) which is essentially the ordinary two cleclrode
system and either of the two electrodes is divided in two parts. OF course
()uf system obeys Kirchhoi’s law -ind is no more than a combination of two
clectrode systems, but our interest lies in the variable polarization pheno-

mena of such a network of circuits.

1. Circuit
Three electrodes 1, 2 and 38 are dipped in an elactrolytic cell at the posi-
tion of each apex of a regular triangle, and clectromotive forces £y and 212,
and load resistances 1R, and :R; are connasted in series between 1 and 2 and
also 2 and 3 as are shown in I'ig. 1. This network has two independent closed
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circuits, and so we need only to measure two cur-
_rent strengths, e. g. It and Is.
Now we denote the single electrode potential

differences” of the electrodes at equilibrium (viz.
the potential at the bulk of the solution) by e, e
and e¢;. When currents flow through them, saveral
polarization phenomena arise at each interfaces,
which are included in ¢’s here. The solution resis-
tances 7, 7 and 7 are taken for simplicity to be

in star connection.
With these symbols and assumptions the equi-

R valent .circuit of this system can be pictured as in

1 ok Fig. 2¥. We now change E’s and R’s and observe

///'_;\ N 2 the change in I, and I; (and 1), from which 2e, 27
¢

etc. are calculated. -
2. - Experimental

e Contfol of anodic oxide ﬁlm In case of a

II3 E; JRs transister, it is the change of space charge layer‘
i AAAS at collector (anodlc) point contact by emitter (grid)
current Wh1ch controls the collector current.” In

Fig. 2.
our case too, we considered a devme to control the

anodic current (), applymg the fact that the oxide film of an electrolytic
condenser shows characterlstlc features against the change in potent1a1 or
current. That is, we altered grid (electrode 3) potentlal near that of anode
(electrode 2), by which the thickness of the anodic Qx1de film was changed
and hence the current I: between electrodes 1 and '2 was also ‘change'd. ,(Re-‘
sistance polarization). '

A beaker of 100 c.c. was filled with 5 2 (NHy)2B4O~ aq., in which electro-
des 1 and 2 of clean aluminum foils were lmmersed The forming of elect-
rode,2 was performed with E: = 6 V., 1R: = 10022 and R; = 10k2. Electrode
3 was a platinum wire. After a short time I, became constant and the form-
ing ended. Now we changed :E; (grid bias) from 8 V. to 1.0 V,, and observed
I, and I,. They are tabulated in Table 1 column 2 and 3 (static character).
The values of Iz were calculated from I = I1-I; and also shown in the forth
column. If ¢’s and #'s were constant, [;, Iz and [z would become linear
functions ‘of .Fs as easily shown by Ohm’s law. The curves in Fig. 3 are
these functions, which do not show linearity. From this fact we can deduce
that ‘the thickness of the oxids film at electrode 2 changed with :FEs..
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Table 1.
1E2 = 6V. 5% 1:A1
1R2 = 100K 2 (NH4)2B4O7 2: Al
2R3 = 10K 2 aq. 3:Pt
: 2 aFs’ 2'Fo 72
-oFa I Is Is+2Rs | _ iy )
=J1~-1]a =oFg—~Ig-aRs | =2E3 —15| =3 Fo/l>
(Volts)} (wA) | (wA) | “(iay | (Volts) (Volts) (Volts) (K2)
8.0 .59.4 570.0 -510.6 5.70 2.30 1.28 25
7.5 59.8 520.0 ~460.7 5.20 2.30 1.28 27
7.0 591 | 475.0 -4159 4.75 2.25 1.23 29
6.5 59.0 425.0 ~ 356.0 4.25 2.25 123 34
6.0 58.8 380.0 -321.2 3.80 2.20° 1.18° 37
5.5 58.5 835.0 -2765 335 215 113 4.1
5.0 58.1 295.0 —236.9 295 2.05 1.03 43
4.5 57.7 255.0 -197.3 2.55 1.95 0.93 4.7
4.0 57.0 218.0 -162.0 219 1.81 0.79 4.9
35 55.7 189.0 -188.3 1.89 1.61 0.59 4.1
3.0 54.5 126.0 -715 1.26 1.74 0.72 11.0
25 54.0 88.8 -34.8 0.89 1.61 0.59 17.0
2.0 52.9 63.5 -10.6 0.64 1.35 0.34 32.0
1.5 50.3 48.3 2.1 0.48 1.02 0
1.0 46.9 41.3 57 041 0.59 -0.43 76.0
0.5- 44.0 27.8 16.3 0.28 0.22 -0.80 49.0
00| 424 3.0 39.4 0.03 0.97 ~0.05 13 ()
-05 42.2 0.0 42.2 0.00 —-0.50 -1.52 86.0
-1.0 . 422 -04 426 | -0.004 -1.00 -2.02 47.0
o0 The voltage amplification coefficient | x| =
(udrp [1R: - 811/8:E;| was always smaller than unity
0} v
4 2 from the above figures. Between sE;=0—3V,,
200+3 the slope of I1 was comparatively large.
o _%Z____ To get the net potential differences between
7 T . .
S 2 and 3 we must substract from :£; the poten-
- 3 / . . \ 3
. 2,00 /\gf tial drop in 2Rs. The values of I3-2R; and £
400} -4 ] = 3F'y — [e3Ry are shown in column 5 and 6.
N R e |+ When I: = 0, the points 0 and 2 in Fig. 2

~1o1z34ee7s
Fxg'—}

are in the same potential, i. e. vEs = 0 (see la-

ter, chapter 3). From the above table, it was

at zl:a =1.5. V. or +F3’ =102 V., whence the potential differences. between 0 and
2 were obtained from yE, =

23 — 1.5 (column 7).

Now, assuming boldly the constancy of e, we can calculate 7 by 7 =yE,
Iz (anod1c resistance polarization). TheLr values are tabulated in column 8§,

and

Iy

to near 100 22 can be seen.

#Eo curve is shown in Fig. 4. A striking change from several i
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As is known commonly, oxide film of aluminum
presents rectifying action® and it is hard for current
to pass from aluminum metal to solution. In our
case, when I;>0 (or «E¢<0), 7 is higher and when
I,<0 (or ¢E:>0), it is lower. That is, the latter case
shows normal resistance (Z) and the former inverse
resistance (Z), and 7’2/\':’: ,

The behaviors near ¢E¢=0 (i.e. I.=0) are in-

teresting and a detailed examination batwasen F3 = 0.3 and 2.5 V. showed the
results shown in Table 2 and Fig. 5,

Table 2,
1E2 = 6V 5% 1:Al
1Rz = 100K 2 (NH4)sB+Or 2: Al
2Rg = 10K L ag. 3:Pt
oFs Iz o 0B 9By’ 2Eo 72
(Volts) (ﬁn (ﬁ&) :({ ! A‘)I # {%/oif;) =’~’E(:§7 - 1ltss') 2R3 =(:_;175031 t;)1.3 =y @0)/12
25 525 758 | -24.3 0.77 1.73 0.91 3.8:104
24 52.3 740 | -217 074 1.65 0.84 3.9 7
23 51.9 700 | -18.1 0.70 1.60 0.78 437
22 51.4 655 | -~155 .55 1.54 0.76 49 7
2.1 50.8 635 | -127 0.64 1.46 0.64 50 7
20 | 503 | 600 | -97 | 060 1.40 058 | 60
1.9 49.9 57.3 -74 0.57 1.33 0.51 69 7
18 49.4 54.5 -5.1 0.55 1.25 0.43 84 7
1.7 49.0 52.3 -33 052 1.18 0.35 109 7
16 485 50.5 -20 0.50 1.10 0.28 14.0 7
15 480 49.0 ~-1.0 0.49 1.01 0.19 19.0 7
14 48.¢ 48.6 -0.6 0.49 0.91 0.09 15.0 7
1.3 48.0 48.0 0.0 0.48 0.82 0
1.2 47.8 475 0.3 0.48 0.72 -0.10 333 7
1.1 47.0 47.2 -0.2 0.47 0.63 -0.19 95.0 7
1.0 46.2 46.5 -03 0.47 0.53 -0.29 95.7 #
0.9 454 45.7 -0.3 0.46 0.44 -038 1237 #
0-8 44.8 45.0 -0.2 0.45 0.35 -047 | 2350 7
0.7 44.0 44.5 -05 | 045 0.25 ~057 | 1140 »
0.6 433 43.0 03 0.43 - 0.17 -065 |2167 7
05 425 41.0 15 041 0.09 ‘ -0.73 487
0.4 422 36.0 6.2 0.35 0.04 -0.78 126 7
0.3 42.0 25.0 13.0 0.29 0.01 -0.81 6.2 7
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(2) Reversible electrode potential”

When the three elecirodes 1, 2 and 3 are of the same material, their sin-
gle electrode potentials are equal, i. e. ¢ == @ = ¢3 =e. So, when 1£: = 25 = 0,
the potential distribution in the system can bz represénted as in Fig. 6. The
usual electrochemical practice to avoid confusion resulting from the indefinity
of single electrode potential® is to define the reversibl: hydrogen electrode
potential ey. This corresponds to cut the cylinde: representing the solution
at ey = 0, by which the absolute distanée from I to I’ is determined.

- Now it is when there is potential gradient on the solution plane (I, 2, 3’)
that currenf flow occurs in the system.

When 1E:, 2Es 20, the ﬁotential diagram is
distorted as in Fig. 7, 1E2, 2Es, I1+1Rs, I:+2R;, poten-
tial drop in solution and the polarization at ele-
ctrodes bzing in equilibrium. Though, owing to
the polarization at electrodes, the potential gra-

dients at interfaces cause definite curvatures of
solution plane at 1, 2! and 3, they are included
for simplicity in Ae;, Ae and Aes. Here also star
connection of current fluxes were assumed and

its cenire 0 was.taken as the bulk of solution.
When I, =0, 0 and 2" are in equilibrium (Fig. 8),
and there is no current flow through electrode 2,
i.e. this is in reversible equilibrium potential. .In
othe: wo.ds, when I = 0, the potentials of 1 and

3 are their overpotentials and [; (= [») is the cur-
ient flowing through them.

The experiment was performed with copper
electrodes in 0.5 mol CuSO; aq., and 1Ry and :R3
were each 10 k2. "Changing ¢Fs from 0.1to 1.1 V,,
we measured the values of I and I, so as to
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make Iz null. (I: was observed with a galvanometer). They are tabulated in

Table 3, column 1,2 and 3. From these values we can calculate the cathodic (1)

Table 3.
1h2=10K8 0.5M. 1:Cu
"4Rg=10K2 CuSO4aq. 2:Cu
I2=0 3:Cu
oF \E I FAEC ; 5 nE4 - FAE -
258 - =g =1Ee—Ro+-Ii | =gEa—aRs- 11 | =alc+pEa
(Volts)| (Volts)) " ) (Volts) (nA) (Volts)
1.1 1.0625 | 1075 0.0175 0.025 0:0425
0.9 0.8945 87.9 0.0155 0.020 0.0355
0.7 -1 0.6970 68.3 0.0144 ..0.016 0.0304.
0.5 0.5011 49.3 0.0071 0.007 00141..
0.3 0.3025 29.6 0.0055 0.004 0,0105 .
01 | 01020 | 100 0.0020 10.000 0.002)
30 and anodic (2) overpotentials by
20 AEA//,’/ 1 A AEg =1Ey — I141Re.
) //AE OE 4 = oEy — IzpEs.
7 4 . . . . .
10 7 AEg, ANE.——1I, curves are shown in Fig. 9,
P A ¢ which indicate.that the potential distribution
0 -~ . L L L - . . . .
20 40 60 80 o0 120 in an electrolytic cell are in general not uni-
Fig. 9. form. )
Summary

- We succeeded in controlling the resistance polarization at anodic surface
film by a third electrode having slightly different potential from the anodic
voltage. The circuit of this device resembled the Ge-transister, but as the
inner resistance in the solution was very low -compared with that of the
latter, it did not display the voltage amplification action.

- When we controlled so as to putting the, current passing through the
central electrode to zero, this electrode was in the reversible ’equilibrium
potential, which we could make the standard electrode against the other two
electrodes. We tested the potential distribution between the anodic and ca-
thodic portions when electrolysis was in operation between these two electro-
We used copper as the three electrodes and 0.5 mol CuSQOy4 as the solu-
tion.. . The overpotentials of the anodic portion was smaller than that of
thé cathodic portion: at lower current densities and vice versa at higher
current- densities.

des.
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